Abstract: Plasmonic modulators might pave the way for a new generation of compact low-power high-speed optoelectronic devices. We introduce an extremely compact transmitter based on plasmonic Mach-Zehnder modulators offering a capacity of 4 × 36 Gbit/s on a footprint that is only limited by the size of the high-speed contact pads. The transmitter array is contacted through a multicore fiber with a channel spacing of 50 μm.
Introduction
High-speed optical interconnects are gradually replacing electrical solutions [1] . To satisfy the ever growing bandwidth requirements, they must offer highest speed at lowest power consumption with the smallest possible footprint [2] .
Optical interconnect solutions must overcome three fundamental challenges: First, they need transmitters that can be arranged in a highly parallel manner; second, they need a fiberto-chip interface to overcome distances from millimeters up to hundreds of meters; last, they need highly parallel and compact detector solutions. Among these three challenges, the detector issues have indeed been addressed convincingly in the last years. Today, there are extremely compact detector arrays for direct and coherent detection e.g. in the form of integrated silicon-germanium detectors that offer operation beyond 56 Gbit/s [3] . As a fiberto-chip interface, fiber ribbons and plastic interconnect solutions are frequently used. However, the typical spacing of ribbons (125 μm) does not allow particular dense integration, and, furthermore, plastic interconnects are mostly a solution only for short distances [4] . Alternatively, multicore fibers (MCF) that are matched to out-of-plane surface couplers provide both, a relatively dense optical interface [5] and transmission over long distances. The biggest challenge though, remains a most dense integration of transmitters. Besides approaches based on direct modulation of VCSELs [6, 7] , silicon photonics offers a variety of paths for combining an external laser source and on-chip modulators [8, 9] . However, silicon photonic modulators occupy a length in the order of several millimeters, if not incorporated into a resonant structure. More recently, plasmonics has emerged as an interesting and compact solution for integration of active devices [10, 11] . Plasmonics indeed allows for extremely compact devices of a few µm 2 , because -in contrast to photonic waves -surface plasmon polaritons (SPPs) are not diffraction limited [12, 13] . Moreover, plasmonics offers high speed [14, 15] , line rates above 100 Gbit/s [16] and devices can be manufactured using large-scale production techniques of the electronics industry.
In this paper, we introduce a new optical interconnect solution relying on a plasmonic Mach-Zehnder modulator (MZM) array. A multicore fiber (MCF) with a 50 µm channel spacing connects the array. The transmitter is demonstrated to operate at 4 × 36 Gbit/s. The array has been characterized for optical interchannel crosstalk which was found to be below −31 dB. No electrical crosstalk was observed. The MZMs showed no bandwidth limitation up to 70 GHz. The individual MZMs comprise plasmonic phase modulator sections that are as short as 12.5 μm. This allows for a dense arrangement of the MZMs that is only limited by the size of the contact pads needed for addressing the devices with electrical probes. The devices are able to operate over a broad spectral range of >100 nm. Application scenarios include both space division (SDM) and wavelength division multiplexing (WDM) applications. This is because each core of the MCF can be addressed individually. The invited paper is based on work published in [14, 17, 18] .
Optical interconnect solution
The interconnect solution envisioned here is made possible by dense plasmonic modulator arrays. Such plasmonic modulators can be integrated with plasmonic detectors (e.g [19, 20] .), conventional detectors that are extremely compact as well and with electronics [3, [21] [22] [23] , making them attractive transceivers for data center applications. Figure 1 illustrates two operation scenarios, with space-division multiplexing (SDM), Fig. 1(a) , or wavelengthdivision multiplexing (WDM), Fig. 1(b) . In both scenarios, light of centralized lasers is distributed via a switch and MCFs to the integrated transceivers. The same MCFs also provide connection for optical input and output signals of the transceivers. They couple light to matched on-chip grating coupler (GC) arrays.
In the SDM application scenario, Fig. 1(a) , the transmitter (Tx) is fed by a single laser source. The laser signal is then split on chip, fed to four modulators and is encoded with information. Each signal is sent back through a different core of the MCF. The modulated signals are fed to a central switch from where they are distributed to remote locations and receivers (Rx). In the Rx, the signals are received in a direct or coherent detection scheme using the LO. The receiver may be integrated together with the plasmonic modulators on the same chip, e.g. in form of extremely compact plasmonic detectors [19, 20] or germanium waveguide detectors [3] . In the WDM scheme, Fig. 1(b) , the interconnect is fed by external lasers emitting a set of wavelengths, four in this example (λ 1 …λ 4 ). The transmitter consists of a modulator array followed by integrated or external multiplexers (MUX). At the receiver, a demultiplexer separates and individually detects the wavelength channels. 
Plasmonic Mach-Zehnder modulators
In this paper we chose plasmonic Mach-Zehnder modulator (MZM) configurations to encode information onto an optical carrier [16, 24] . We start this section by first detailing the operation principle of the plasmonic phase modulators (PPMs) [15] in section 3.1 and then discussing the MZM configuration and its performance.
Plasmonic-Organic Hybrid (POH) phase modulators
Phase modulators in the plasmonic-organic hybrid (POH) approach exploit the large nonlinearity of an organic nonlinear optical (NLO) material for efficient switching. They are formed of a plasmonic metal-insulator-metal (MIM) slot waveguide to guide the light, where the slot is filled with a second-order NLO material, see Fig. 2(a) . In the inset of Fig. 2(b) , it can be seen how the plasmonic mode is well confined to the slot. The metallic structures of the MIM waveguide not only confine the plasmonic mode but also serve as electrical contacts to encode the information. When a voltage is applied to the electrodes, it will drop off across the narrow slot and the refractive index in the slot will change due to the linear electro-optic effect. The advantage of plasmonic phase modulators over diffraction limited optical counterparts is best seen from The origin of this strong change of eff n for narrow plasmonic slot waveguides have been discussed in more detail in [14] . It can be attributed to three factors as follows:
First, the field energy interaction factor Γ of the plasmonic MIM mode is large. It describes the ratio of the field energy of the slot mode along the active axis of the nonlinear material to the total energy of the mode. The field energy interaction factor Γ is a useful number as only the electric field energy in the slot that is polarized in the direction of the active axis of the NLO material will experience nonlinear interaction. For a slot width of 75 nm it can exceed a value of 0.5 -and thus is four times larger than for a more conventional silicon slot waveguide. Second, the surface-plasmon polariton dispersion leads to a slowdown factor slow . n As an example, for a 75 nm slot width eff Δn is enhanced by a slowdown factor of slow 3.5. n = Third, the electro-optic activity of the NLO material induces a refractive index change mat Δn . This change is described by the Pockels effect [25] . The Pockels effect leads to a linear change of the refractive index depending on a static or low frequency field d s l o t / U w (drive voltage d , U slot width slot w ) and the electro-optic coefficient 33 r of the material
It can be seen, how the refractive index change increases when the slot width is decreased. When decreasing the slot width from 150 nm to 50 nm, for example, one can win a factor three in efficiency. A high r 33 is essential for high modulation efficiencies, though. Since after deposition of the NLO material the dipolar chromophores are randomly oriented (no r 33 ), the nonlinear molecules have to be aligned in a non-centrosymmetric order [26] . This can be achieved by electric-field poling of the material [27, 28] . Electric-field poling is performed by applying an electric field while heating the material to its glass-transition temperature. The molecules align parallel to the applied field and thereby the nonlinearity r 33 is induced. Moreover, another factor two has been won by realizing the device as an unterminated open circuit [29] . This gives a factor two advantage over a terminated traveling waveguide approach, since twice the incident voltage drops across the device. The traveling wave approach is not needed here as the device is ultra-compact so that the back-reflected wave does not degrade the performance.
In conclusion, the approach takes advantage of at least four factors that in combination lead to a remarkably short device. The four factors are the large energy interaction factor Γ, the enhancement due to the plasmonic slow-down by slow , n the large relative refractive index change mat / Δ mat n n which is due to a choice of a material with a large Pockels effect but also due to an inverse proportional increase when reducing the slot width, and last, an open-circuit operation. All of which allows us to fabricate the phase modulators with lengths of a few micrometers. The very short lengths of the modulators offset plasmonic losses.
Photonic Mach-Zehnder interferometer
The previously described POH phase modulators are integrated into a silicon photonic MachZehnder interferometer for amplitude modulation. The arrangement of the phase-shifters in an MZM configuration not only allows operation in the push-pull mode with half the peakvoltage but also provides an almost ideal amplitude transfer function. In this paper we have chosen a hybrid approach, where all the passive waveguides are implemented as silicon waveguides and only the active phase-modulator sections are fabricated as plasmonic waveguides. An advantage of this approach is that most components are based on an established and reliable low-loss silicon-on-insulator technology, while plasmonics is only introduced where confinement and speed is crucial.
The structure of the plasmonic MZM is depicted in Fig. 3 . The modulator consists of a silicon Mach-Zehnder interferometer (MZI) with PPMs in each arm. Light is coupled to the chip using fiber-to-chip grating couplers and is fed to the MZI by single mode silicon waveguides. Multimode interference (MMI) couplers are used to split the light onto the two arms of the MZI. After the phase modulator section, the two arms of the MZI are combined using once more an MMI. Interference in the MMI translates the phase modulation induced in the two arms into an amplitude modulation.
The modulator is electrically contacted by ground-signal-ground (GSG) RF probes, see Fig. 3 . The metals of the plasmonic MIM waveguides also serve as the contact pads of the modulator. This way, the RF probe is directly contacted to the plasmonic waveguide which makes RC time constants small. The driving voltage drops off across the two slots. As can be seen in Fig. 3, poling direction (red arrows) and direction of the driving field (blue arrows) are opposed in one arm and aligned in the other one. This allows to operate the device in the so-called "push-pull" operation mode, where opposite phase shifts are induced in the two PPMs upon applying a signal at the center electrode. The corresponding amplitude transfer function is given in the ideal case by [16] ( )
where E in is the optical electric field sent into the modulator, λ OC the wavelength of the optical carrier, L is the length of PPMs and E out is the optical electric field at the modulator output. The latter follows a cosine function and varies with eff Δ , n that in turn depends linearly on the driving voltage U d . The operation point of the modulator can be adjusted by a phase offset bias , Φ either by applying a bias DC voltage or by adjusting the wavelength in case of an imbalanced MZI. Fig. 3 . Mach-Zehnder modulator (MZM) in push-pull operation: Two plasmonic phase modulators (PPMs) are arranged in an imbalanced MZI configuration with silicon multimode interference (MMI) couplers as splitters and combiners. The MZM comprises ground-signalground (GSG) electrodes. When an electrical signal is applied to the S electrode, the voltage drops across the plasmonic MIM waveguides, blue arrows. In this operation mode, the electrical driving and the poling field (red arrows) directions are aligned in the phase modulator of one MZM arm, but have opposite signs in the other phase modulator. Therefore, opposite refractive index changes are induced in the two respective phase modulators. The MZM is operated in push-pull operation. Adapted from [16] .
Dense integration -plasmonic Mach-Zehnder modulator arrays

Design and fabrication
We have fabricated an array of four silicon-plasmonic-organic hybrid MZMs. A microscope image of the MZM array is depicted in Fig. 4 . The key elements are 12.5 µm long PPMs. They are formed by two gold (Au) electrodes separated by a 75 nm wide slot. For direct electrical probing with standard 100 μm pitched ground-signal-ground (GSG) probes we increased the distance between MZMs to 300 μm. However, the actual footprint required by the devices is only a few tens of μm 2 . This leaves ample room for scaling down once electronics and photonics are cointegrated. The optical interface consists of GCs with a 50 µm spacing and is matched to the channel spacing of the multicore fiber (MCF) [5] . The MZM array was produced in-house on a silicon-on-insulator (SOI) wafer. E-beam lithography in combination with dry-etching was applied to pattern the photonic components, namely the Si waveguides (h Si = 220 nm, w = 450 nm), MMIs and GCs. A silicon oxide cladding was applied and structured by dry and wet etching prior to the fabrication of the PPMs. The PPMs were realized with a lift-off process applied to e-beam evaporated gold (h Au = 150 nm). In a last step the nonlinear optical material DLD164 (r 33 ≈180 pm/V) [30, 31] was applied by spin-coating and poled by applying a DC electric field at the glass transition temperature of the material.
Simultaneous electric field poling of several modulators at the same time is not straight forward. Single devices cannot be poled one after another. Due to heating of the chip during the poling process, electro-optic molecules in previously poled devices would relax back into a randomized order, thus the devices would lose their poling. Lattice hardening (crosslinking) of the ordered molecules [32, 33] is a solution for this problem, but the material [30] used in the presented experiments does not offer this feature. Therefore, all devices of the array have to be poled at the same time. One possibility is to contact all four MZMs individually. However, contacting eight DC probes within a few hundreds of µm is rather impractical. We therefore investigated two schemes to pole multiple devices at the same time while using only two DC probes, see Fig. 5 . Connecting the outer electrodes of the individual modulators in series allows a serial poling, see Fig. 5(a) . However, there are two major disadvantages of this scheme: First, the poling voltage required for an array of n devices is n times higher than for a single device. This can result in high voltages making special requirements for voltage source and safety precautions mandatory. Second, in case of dielectric breakdown or electrical short in one single modulator arm, the voltage across the other devices will increase significantly. This can lead to a cascade effect that destroys all modulators being poled. An alternative approach is parallel poling of the devices as illustrated in Fig. 5(b) . In this scheme, the voltage applied to the poling electrodes and to each modulator is the same. Therefore, the required poling voltage is not higher than for single device poling. In case of dielectric breakdown or a short in one device, the voltage at the other modulators will not increase. The damaged device would effectively act as an electrical fuse, being destroyed completely by the high current that suddenly flows. After this process, it would appear as an open circuit, while the voltage across the other modulators would stay the same. The remaining modulators would still be poled. The disadvantage of the parallel poling scheme however is, that it requires additional electrical DC lines to connect the individual electrodes, which is only an additional design effort but does not pose a technical disadvantage. In more complex structures metal/waveguide crossings can be realized by a multiple layer process. This would allow for even easier layouts by introducing a poling layer connected to the modulators by vias. This would allow for parallel poling of all devices on a chip at the same time. Given the advantages of the lower poling voltages our decision was made in favor of the parallel poling scheme, Fig. 5(b) .
Characterization
Static and dynamic characterization
The static characteristics of the array were studied first. The optical extinction ratios of the imbalanced interferometers were found to be in the range of 7.3…23.9 dB with insertion losses of (12.6 ± 0.7) dB. The plasmonic propagation losses within the active section were ~0.9 dB/µm at a wavelength of 1550 nm. This is higher than the losses of ~0.5 dB/µm as measured in our previous batch [14, 16] . Grating coupler losses contribute with 8 dB per grating.
To measure the modulation bandwidth of the individual modulators, a −3 dBm small signal RF field between 15 GHz and 70 GHz was applied to the devices. The ratio between optical carrier and modulation sidebands was measured with an optical spectrum analyzer (OSA) and normalized to 15 GHz, Fig. 6(a) . This technique [34] allows to measure up to highest speeds and is only limited by the maximum frequency of the RF source (70 GHz in this case). However, the spectral resolution caused by the optical filter shape of the OSA limits the measurement to frequencies >15 GHz. Figure 6 (b) depicts the normalized modulation bandwidth of all four channels. The electrical frequency response of the four channels shows no bandwidth limitation up to 70 GHz. 
Optical and electrical crosstalk
To investigate the optical crosstalk of the dense optical interface we fed 4 different wavelengths (1543.5 nm…1545.0 nm) through 4 different channels (ch1…ch4) of the MCF, while coupling to silicon waveguides (WGs) without MZMs. The optical output spectrum of each channel was recorded using an OSA, Fig. 7(a) . Crosstalks were found to be lower than −31 dB in any instance. As an example we discuss the crosstalk into channel 2. The spectrum of channel 2 is shown in red. A main peak at 1544.0 nm is found which corresponds to the wavelength fed to channel 2. Besides, smaller peaks at the wavelengths of the neighboring channels appear in the spectrum.
The electrical crosstalk between the MZMs was investigated by applying a sinusoidal RF signal to one channel while checking for signs of modulation in the optical signals of the neighboring channels, Fig. 7(b) . No modulation sidebands could be observed in a neighbor channel when any of the MZM were modulated. If there should be any crosstalk, it must be −30 dB or less, as can be inferred from the noise level of the OSA with which the measurements were performed. 
Data modulation experiments
The applicability of plasmonic MZMs in communication systems was verified by data modulation experiments. Data signals with binary phase shift keying (BPSK) at 36 Gbit/s were generated. The experimental setup is depicted in Fig. 8 . Four CW laser sources (1549.3 nm to 1552.7 nm, Δλ ≈1 nm) were coupled to the array via the MCF. Two digital-to-analog converters (72 GSa/s, 6 bit) generated uncorrelated, differential signals D 1 and D 2 (pulse shape: square-root-raised cosine, roll off α = 1) with De Bruijn bit sequences (DBBS 2 15 ) that were amplified to 4 V pp by RF amplifiers. 1 
were fed to the single ended modulators by two GSGGSG probe-arrays. The four channels were received sequentially with a standard single mode fiber in a coherent receiver. Pre-distortion and post-equalization of the electrical signal was used to mitigate the frequency dependence of the RF amplifiers and the DACs. Figure 9 depicts the measured optical eye diagrams and constellation diagrams for all four channels at 36 Gbit/s. All channels have bit error ratios (BERs) below the hard-decision FEC limit of 4.5 × 10 −3 (6.7% overhead) [35] ; no error was detected within the 20 million recorded bits for channel 3. Fig. 8 . Experimental setup for data modulation experiments. Four lasers with different wavelengths (Δλ ≈1 nm at λ ≈1550 nm) were coupled to a multicore fiber (MCF) and the modulator array. Four electrical data streams were fed to the modulators by two independent DACs. The laser of the channel under test was amplified before coupling to the MCF. The modulated light of the channel under test was received by a coherent receiver. The laser source of the channel under test was also used as local oscillator in the receiver. Fig. 9 . Optical eye and constellation diagrams with bit error ratios (BER) of the data experiments (BPSK) at data rates of 36 Gbit/s. All four channels have a BER below the harddecision FEC limit of 4.5 × 10 −3 .
The transmitter performance can be improved further by reducing the fiber-to-chip losses. These are mainly related to fiber-chip coupling and plasmonic propagation losses. As reported in [16] plasmonic propagation losses of 0.5dB/um are feasible. Also, fiber-chip coupling loss well below 3dB/coupler have become quite common in the silicon photonics industry [36] . Reduced insertion losses will enable higher data rates at lower BERs. On a system level, the plasmonic modulators can be integrated with their driving electronics, e.g. using wire bonding, instead of RF probes. Ultimately, plasmonics and electronics shall be monolithically integrated on a chip.
Conclusion
A compact plasmonic transmitter concept is introduced. It consists of a dense plasmonic modulator array operating at 4 × 36 Gbit/s. The transmitter is connected by a 50 µm spaced optical interface using a multicore fiber. The transmitter may be used in data center applications and relates to either an operation scenario with space-division multiplexing or wavelength-division multiplexing.
